A method of calculating analytical energy gradient of high-spin multiplet state by the SAC-CI (symmetry-adaptedcluster configuration-interaction) method is developed and implemented. This method is expected to be a powerful tool in studying the dynamics and properties of molecules having high spin-multiplicities. Good performance of this method is shown for the quartet states of BH þ and C þ 2 and for the quintet states of C 2 . The SAC-CI general-R method is also extended to the high-spin states, and proved to be useful especially for calculating accurate adiabatic excitation energies of the systems having quasi-degenerate orbital structure. Ó 2001 Published by Elsevier Science B.V.
Introduction
High-spin multiplet states sometimes appear for molecules having degenerate or quasi-degenerate orbital structure. Transition metal complexes and clusters often have high-spin multiplet states in their ground and lower excited states. High-spin multiplet states are also important in the reaction dynamics and energy relaxation processes like predissociation and recombination processes. For investigating molecular geometries, vibrations, chemical reactions, energy relaxation processes, and dynamics in high-spin multiplet states, the information on the derivatives of the adiabatic potential energy surfaces of molecules in these states are very important. Furthermore, the derivatives of the energy of these states with respect to the external electric and magnetic fields provide electric and magnetic properties of molecules in these electronic states [1] . A purpose of this Letter is to present a reliable method of calculating such energy derivatives by the SAC (symmetry adapted cluster)-CI (configuration-interaction) method for the high-spin multiplet state.
The SAC/SAC-CI method [2] [3] [4] was originally published in 1978 for studying ground, excited, ionized and electron-attached (anion) states of molecules and has been successfully applied to various chemistries and physics involving many different kinds of electronic states [5, 6] . It has also been applied to multi-electron processes by introducing SAC-CI general-R method [7] [8] [9] [10] and to high-spin states from quartet to septet spin mul- www.elsevier.com/locate/cplett tiplicities [11, 12] . The analytical gradient of the SAC/SAC-CI energy was formulated and implemented in this laboratory at the SD (single double)-R level [13, 14] , and recently, it has further been extended and implemented by the present authors to include the SAC-CI general-R method [15] .
In this study, we develop further the analytical energy gradient of the SAC-CI method to include high-spin multiplet states. As shown in the exponentially generated CI (EGCI) study [12] of the high-spin states, quasi-degenerate orbital structure often appears in the high-spin states of molecules. It is therefore important to extend the SAC-CI general-R method to the high-spin states, even though an ultimate solution would be due to the multi-reference theory [8] [9] [10] . The performance of the developed method including the general-R case was examined for the quartet states of BH þ and C þ 2 and the quintet states of C 2 . The details will be given in a forthcoming paper [16] .
Theory
The SAC-CI wavefunction is generated from the correlated SAC ground state as [3, 4, 6 ]
where fR y N g represents a set of excitation operators and fd p N g their coefficients for the pth excited state. In the present SAC-CI for high-spin multiplicity, the operator fR y N g generates high-spin multiplet state from the closed-shell SAC state. Since this process is described by multi-electron processes [11] , the symmetry-adapted linked operators for the quartet to septet spin states are written by the multiple excitation operators summarized in Table  1 , which gives only lower operators. Using these operators, the SAC-CI wavefunctions for highspin multiplicities are expressed as Quartet :
Quintet :
Sextet :
and Septet :
where the parentheses mean that the summation is limited to the non-redundant linked excitation operators. The SAC-CI equation is obtained by projecting the Schr€ o odinger equation for the SAC-CI wavefunction onto the space of the linked excited configurations as 
where Table 1 .
The first derivative of the SAC-CI correlation energy with respect to the external parameter a is given in the Hamiltonian matrix form as [14] :
where S IJ represents the overlap matrix that is independent of the external parameters, and H 0I , H IJ and H I;JK are the Hamiltonian matrices defined by h0jHS
is a component of the SAC-CI Z-vector and is calculated from the following simultaneous linear equation [14] :
In the SAC-CI analytical energy gradient method, explicit calculation of the first derivative of the SAC coefficient oC I =oa is circumvented by using the interchange technique [17] or the socalled Z-vector method [18] . The energy gradient for the high-spin state is evaluated from Eqs. (8) and (9). The first derivative of the Hamiltonian matrix element is expressed simply in terms of one-and two-electron coupling constants as
where the subscripts i, j, k, l refer to the spatial orbitals, and f ij and ðij j klÞ denote fock matrix element and two-electron MO integral, respectively. The matrix elements c XY ij and C XY ijkl are the one-and two-electron coupling constants between configuration functions U X and U Y and are independent of the parameter a. c XY ij and C
XY ijkl
for high-spin multiplicities are evaluated using the combined algorithm of the projective reduction formalism for bonded functions developed by Reeves and others [19] [20] [21] , and our own formalism [22] based on the table-CI type idea [23] .
Using Eq. (10), we can now rewrite Eq. (8) in an MO representation in terms of the effective density matrices (EDMs):
The matrix elements of the EDMs c
SAC-CI ij
and C
SAC-CI ijkl
are represented as
and
respectively [13, 14] , where M, N run over the excitation operators of the SAC-CI high-spin expansions (Eqs. (2)- (5)), and I, J, K over those of the SAC expansion. The SAC-CI general-R method has also been extended to the present SAC-CI gradient code for high-spin states. For example, R ) and higherorder excitation operators. In the general-R calculations, the unlinked terms that are redundant with the linked terms are dropped out.
The high-spin SAC-CI analytical energy gradient code has been implemented in the SAC-CI96 program system [24] , which has further been incorporated into the development version of the GAUSSIAN suite of programs [25] . The numerical check was done by confirming that the calculated analytical energy gradient is equal to the numerical differentiation of the energy within computational accuracy.
Applications

Quartet states of BH þ
First, we apply the SAC-CI high-spin analytical energy gradient method to the calculation of the spectroscopic constants of the quartet states of BH þ . Though there are no experimental data for these quartet states, they were theoretically studied by the multi-configurational self-consistent field ðMCSCFÞ þ CI method [26] and two of them, a 4 P and b 4 R À states, were found to be bound states. The basis set is the double-zeta plus polarization (DZP) basis of Huzinaga-Dunning [27, 28] , (9s5p1d/4s1p)/[4s2p1d/2s1p]. All the MOs were included in the active space and no configuration selection was performed. The quartet states of BH þ were obtained by the ionizations of the neutral closed-shell state. We used the approximately variational SAC-CI (SAC-CI-V) method. Table 2 shows the results of the equilibrium internuclear distance r e , the harmonic vibrational frequency x e , and the adiabatic excitation energy T e ðb 4 R À -a 4 PÞ, compared with those by the MCSCF-CI method [26] . The values of x e were numerically calculated using the analytical first derivatives. The excitation level denotes the number of electrons involved in the excitation process from the closed-shell ground state and the excitation character is shown by the SAC-CI coefficients of the main configurations. The low-lying a 4 P state is described by the two-electron process, while the b 4 R À state is represented by the threeelectron process. Therefore, two types of calculations were performed: DT-R included Rð2Þ and Rð3Þ operators and DTQ-R further included Rð4Þ operators, where the number in the parentheses show the number of excitations in the excitation operator. For the a 4 P state, both SAC-CI DT-R and DTQ-R methods gave similar results, which were also the case in the previous application to the low-spin states of one-electron process [15] . On the other hand, for the b 4 R À state, the results of the DT-R method were improved by the DTQ-R method: the effect of including the Rð4Þ operators was 0.03 A A, 110 cm À1 and 0.3 eV for r e ; x e and T e , respectively. This improvement was not so remarkable in comparison with the low-spin states of multi-electron process [15] , since the system is small and the variational space of the DT-R calculation is relatively large. The present results for these two states agree reasonably well with those of the MCSCF-CI method [26] . Next, we examine the performance of the present method for the quartet states of C þ 2 and the quintet states of C 2 using, in this case, the perturbation selection technique. The basis set is the correlation-consistent polarized valence triplezeta set (cc-pVTZ) without f polarization function [29, 30] , (10s5p2d)/[4s3p2d]. The SAC-CI-V highspin calculations were performed, including all the MOs in the active space. The perturbation selection was due to the state-selection scheme [31] . For the ground state of C 2 , the energy threshold for the linked operator was 1 Â 10 À7 a.u. and the unlinked terms were written as the products of the important linked terms whose DTCI coefficients are larger than 0.005. For the quartet and quintet states, the thresholds for R(2), R(3) and Rð4Þ operators were 1 Â 10 À7 a.u. and the thresholds of the CI coefficients for calculating the unlinked operators in the SAC-CI method were 0.005 and 0.0 for R and S operators, respectively. When the perturbation selection is performed at every geometry, the potential energy surface may become discontinuous. Therefore, during the geometry optimization, we used the common set of R and S excitation operators, which were determined by the perturbation selection for the initial geometry. We used the experimental geometry as the initial one. When experimental geometry is not available, the optimized geometry at the DT-CI/DTQ-CI level is used as the initial one. We have found that the dependence of the results on the initial geometry was negligibly small as far as proper geometries were used. In this calculation, we confirmed the convergence of the optimized geometry: geometry optimization was again performed using the excitation operators determined by the perturbation selection at the optimized geometry.
Quartet states of C
First, we discuss the quartet states of C þ 2 , whose ground is X 4 R þ g [32] . The
electronic transition was studied by laser excitation spectroscopy and the spectroscopic constants of these states were determined [32] . Theoretically, some of the quartet states of C þ 2 have also been studied by the multi-reference (MR)-CI [33, 34] and CCSD(T) methods [35] . Table 3 summarizes r e ; x e and T e for the X 4 R for r e ; T e and x e , respectively. The SAC-CI analytical energy gradient method has well reproduced the experimental and other theoretical results, regardless of the excitation level, when the general-R calculation is performed.
Finally, we calculated the spectroscopic constants of the quintet states of C 2 by the present method. For the quintet states of C 2 , three states, 1 5 P g ; 1 5 R þ g and 1 5 D g states, were found to be bound states by the previous EGCI and CAS-CI studies on the high-spin states [12] . Unfortunately, these states have not yet been observed spectroscopically. The SAC-CI results were given in Table 4 with the ground state calculated by the SAC method. Though the ground state of C 2 has quasi-degenerate character, the SAC method well reproduced the experimental values of r e and x e . Note that the various electronic states of C 2 were studied by the general-R method in [7] . Three quintet states were described by two-electron process, and therefore both SAC-CI DT-R and DTQ-R methods gave similar results.
Summary
In this Letter, we have developed and implemented the SAC-CI analytical energy gradient method for the high-spin multiplet states from quartet to septet spin states. The reliability and usefulness of the present method have been confirmed from the applications to the quartet states of BH þ and C þ 2 , and the quintet states of C 2 molecules. The general-R method has also been extended to the high-spin states, which is useful for the system having quasi-degenerate orbital structure. We expect that the present method should be a powerful tool for investigating the dynamics and the properties of molecules in the high-spin multiplet states.
